Propagation of long terminal repeat (LTR)-bearing retrotransposons and retroviruses requires integrase (IN, EC 2.7.7.-), encoded by the retroelements themselves, which mediates the insertion of cDNA copies back into the genome. An active retrotransposon family, BARE-1, comprises ϳ7% of the barley (Hordeum vulgare subsp. vulgare) genome. We have generated models for the secondary and tertiary structure of BARE-1 IN and demonstrate their similarity to structures for human immunodeficiency virus 1 and avian sarcoma virus INs. The IN core domains were compared for 80 clones from 28 Hordeum accessions representative of the diversity of the genus. Based on the structural model, variations in the predicted, aligned translations from these clones would have minimal structural and functional effects on the encoded enzymes. This indicates that Hordeum retrotransposon IN has been under purifying selection to maintain a structure typical of retroviral INs. These represent the first such analyses for plant INs.
Introduction
Retrotransposons, elements which transpose through an RNA stage, appear to be ubiquitous and to constitute a significant part of the genomes of many plants. This large group of transposable elements includes the long interspersed nuclear elements (LINEs) which lack long terminal repeats (LTRs) and the LTRbearing retrotransposons (Wessler, Bureau, and White 1995) . These are further divided into the gypsy-like and copia-like groups on the basis of their organization. The life cycle of plant LTR-bearing retrotransposons most likely follows that of Ty elements from the yeast Saccharomyces cerevisiae (Sandmeyer 1992) in general. Retrotransposon propagation requires the insertion of cDNA copies of the element back into the genome. This final step is mediated by integrase (IN, EC 2.7.7.-), encoded by the retrotransposon.
In cultivated barley (Hordeum vulgare), the copialike BARE-1 retrotransposon family (Manninen and Schulman 1993) comprises more than 10 4 copies and is dispersed on all chromosomes . The majority of BARE-1 elements within cultivated barley are likely to be of full length , and the predicted polyprotein contains well-conserved integrase (IN), GAG, reverse transcriptase (RT), and proteinase domains (Manninen and Schulman 1993) . The retrotransposon is actively transcribed in vivo in barley from the LTR which contains two TATA boxes and both positive and negative regulatory regions (Suoniemi, Narvanto, and Schulman 1996) ; closely related elements are present and transcribed in other ce-reals as well (Pearce et al. 1997) . The terminal LTR region, putatively recognized and processed by IN, is highly conserved (Suoniemi, Schmidt, and Schulman 1997) .
Virtually all evolutionary analyses of retrotransposon families have been restricted to the RT domain (VanderWiel, Voytas, and Wendel 1993; Matsuoka and Tsunewaki 1996; Pearce et al. 1996; McAllister and Werren 1997; Wang et al. 1997) . This is in part due to the identification of highly conserved domains in RT which permit the design of broadly applicable PCR primers (Flavell, Smith, and Kumar 1992; Voytas et al. 1992) . The INs of plant retrotransposons, however, have not been studied from either a structural or an evolutionary perspective, despite the importance of the enzyme in the retrotransposon life cycle and the attention this enzyme is receiving in retroviral research. Integrases in plants might be expected to differ from their animal counterparts, because the genomic target DNA in plants is highly methylated. The genus Hordeum presents a good system for examination of plant INs due to the prevalence and activity of retrotransposons in barley as well as the widespread geographical distribution of the genus over the Americas, Asia, and Europe. Furthermore, recent work shows that antibodies raised to the cloned and expressed BARE-1a (accession Z17327) IN recognize a highly expressed protein of expected size in barley embryos, leaves, and cell culture which cosediments with virus-like particles in density gradients (unpublished data).
The details of retroelement integration have been most intensively studied for the retroviruses , and resemble those for retrotransposon IN (Moore, Powers, and Garfinkel 1995) and bacteriophage transposase (Mizuuchi 1992; Polard and Chandler 1995) . The arrangement of key residues in the catalytic ''D,D(35)E'' domain of retroviral IN is conserved across diverse retrotransposons and bacterial IS elements (Kulkosky et al. 1992; Baker and Luo 1994) , and the similarity of the crystal structures of retroviral IN catalytic domains (Dyda et al. 1994; Bujacz et al. 1995) and the Mu transposase core (Rice and Mizuuchi 1995) to RNase H and to Escherichia coli RuvC places these divergent enzymes together in a family of endonucleases.
Here, we modeled the secondary and tertiary structures of BARE-1a IN and show their close resemblance to the crystal structures available for retroviral IN. We also compared 80 IN sequences from a total of 28 Hordeum species, subspecies, and populations on the basis of the modeled structures. Species were chosen to represent the diversity of Hordeum, expressed by meiotic chromosomal pairing groups, the H, I, X, and Y genomes (Jacobsen and von Bothmer 1992) , and repetitive DNA (Svitashev et al. 1994; Marillia and Scoles 1996) , as well as isozyme data (Jørgensen 1986) . Populations of H. vulgare subsp. spontaneum were likewise chosen to represent the genetic diversity of the wild progenitor of cultivated barley (Nevo et al. 1979 ).
Materials and Methods

Modeling of Secondary and Tertiary Structures
Secondary structures for the core domain of human immunodeficiency virus (HIV) and avian sarcoma virus (ASV) IN were predicted with the PredictProtein server (http://www.embl-heidelberg.de/predictprotein/predictprotein.html) using the PHDsec (Rost and Sander 1994) method. The PHDsec uses a neural network trained on 130 sequences and a multiple-sequence alignment derived from an automated Swissprot database search.
The structures of the HIV (1itg) and AVS (1vsd) integrase core domains were obtained from the Brookhaven Protein Data Bank (http://www.pdb.bnl.gov/index.html). The structures were aligned with the computer program VERTAA (unpublished data)-a fast method for superposition that does not rely on the predetermination of sets of equivalent residues-and MNY-FIT as modified by Johnson, Š ali, and Blundell (1990) . The HIV-ASV alignment was confirmed by visual inspection of the superposed structure coordinates. It matches, with only minor exceptions, the alignment reported by Bujacz et al. (1995) .
The sequence of the BARE-1a IN was matched to the structural alignment with the programs MALIGN and MALFORM (Johnson, Overington, and Blundell 1993; Johnson et al. 1996 ) using a structure-based sequence comparison matrix Johnson et al. 1996) . MALIGN constructs a multiple-sequence alignment from pairwise alignments according to a tree relating the sequences being matched. An amino acid replacement matrix derived from families of carefully aligned three-dimensional structures (Johnson, Overington, and Blundell 1993) was used in the matching of the sequences. MALFORM is a display program used to interpret the alignment file.
With the aid of this alignment ( fig. 2) , the BARE1a IN was modeled (see Johnson et al. 1994; Johnson, Hoffrén, and Cockcroft 1995 for review) using the COMPOSER suite Sutcliffe, Hayes, and Blundell 1987; Š ali et al. 1990 ) as implemented in the Sybyl modeling package (Tripos Associates, St. Louis, Mo.). The model was energy-minimized using programs within the Sybyl modeling package. The ribbon representation (fig. 5) was generated with MOL-SCRIPT (Kraulis 1991) and was rendered using REN-DER from the RASTER3D package (Bacon and Anderson 1988; Merritt and Murphy 1994) .
Plant DNA Source and Preparation Seed accessions of Hordeum described previously (Kankaanpää, Mannonen, and Schulman 1996) were germinated and then grown in a controlled-environment chamber as earlier (Suoniemi, Narvanto, and Schulman 1996) . Material from 28 accessions and 17 species was prepared, including 9 accessions of H. vulgare subsp. spontaneum, an Indian and an African landrace of barley, and one commercially bred barley. DNA was isolated from leaves essentially as detailed before (Manninen and Schulman 1993).
PCR Primers and Reactions
The primers for IN domain PCR amplification were (IUPAC ambiguity codes, I represents inosine): forward, 5Ј (CTCGCTCGCCCA) GGI ACN CCN CAR TGY AA; reverse, 5Ј (CTGGTTCGGCCCA) RTA ICC IAT RAA NAC RCA YTT 3Ј. Sequences in parentheses are extensions for cloning in the PCR-Direct vector (Clontech). These corresponded to the blocks (forward) NGly(Asp)/Thr/Pro/Gln/Cys/Asn(Lys)-C and (reverse) NLys/Cys/Val/Phe/Ile/(Val, Leu)/Tyr(His)-C, where the primers would also recognize the codons of amino acids in parentheses at two out of three positions. For PCR reactions, 1 g genomic DNA was added to 0.2 mM of each dNTP, 100 pmol of each primer, 10 l Dynazyme buffer (Finnzymes, Espoo, Finland), and H 2 O in a 100-l reaction. The mix was overlaid with paraffin oil and brought to 95ЊC 1 min before adding 2.5 U Dynazyme DNA polymerase (Finnzymes). The reaction cycles consisted of 7 cycles of 30 s at 94ЊC, 2 min at 43ЊC, a warm-up slope of 1ЊC/2s, and 2 min at 72ЊC; 41 cycles of 30 s at 94ЊC, 2 min at 60ЊC, a warm-up slope of 1ЊC/ 2 s, and 2 min at 72ЊC; 10 min at 72ЊC; and 4ЊC. Reactions were carried out in a Minicycler (MJ Research).
cDNA Amplification
One cDNA sequence was included in the analysis. The RNA was isolated as before (Suoniemi, Narvanto, and Schulman 1996) , except that total RNA was first treated with 3 U DNase RQ1 (Promega) for 1 h at 37ЊC. The cDNA was produced from RNA of barley cv. Bomi protoplasts. For first-strand cDNA, 5 g total RNA was primed with the TATA1 primer (5Ј CCT AAG GCC TAT GGG CTT CCC TGG A 3Ј) reported earlier (Suoniemi, Narvanto, and Schulman 1996) and reverse-transcribed using the cDNA Cycle kit (Invitrogen). Amplification of IN domains by PCR were made with 1/10 of the first-strand cDNA reaction, 0.2 mM of each nucleotide, 50 pmol of each primer (described above), 4 U of Taq DNA polymerase, and 50 l of 10 ϫ Taq buffer in a total volume of 50 l. The PCR conditions were as above. As a control for DNA contamination of the RNA template, PCR reactions were made on the DNase-treated RNA and analyzed by agarose gel electrophoresis, yielding no detectable products.
Cloning and Sequencing
The reaction products were purified on 2% agarose gels, and the ഠ330-bp fragment was excised, purified with CHROMA SPIN columns (Clontech), and cloned into the pDIRECT vector (Clontech). Three clones with a ഠ330-bp insert were selected at random for each plant accession. Insert sequences were determined in both directions with Sequenase, version II (USB), on both 4% and 8% gels and assembled with the program CAP (Huang 1992) .
Sequence Alignment of Hordeum Integrase Clones
Multiple alignments were constructed with FrameAlign of the Wisconsin Sequence Analysis Package (GCG), version 8.1 (Genetics Computer Group 1994), using the conceptual translation of BARE-1a (Z17327) as a reference, without resorting to the structural predictions. This method first produces the best local alignment between the reference protein sequence and each DNA sequence codon by codon in all reading frames using a method modified from Smith, Waterman, and Fitch (1981) . A global alignment was then made by inserting gaps to optimize the alignment between the each entire nucleotide sequence and the reference protein sequence. The default gap creation (12), gap extension (4), and frameshift (0) penalties were used. This alignment was used to generate the predicted translation for each clone.
Results
Alignment of Copia-like Integrase Core Domains
Among the retrotransposons, the mature IN primary structure has been established only for Ty1 (Moore and Garfinkel 1994) . However, sequence alignments (Kulkosky et al. 1992; Manninen and Schulman 1993) encompassing the predicted translations of diverse retroelements define domains with conserved blocks of residues extending over the enzymatic core as well as N-and C-terminal regions of IN (van Gent et al. 1993; Vincent et al. 1993; Cannon et al. 1996) . Most characteristic of INs and related enzymes is the DDE motif of the core domain, consisting of retroviruses of Asp followed 46-64 residues downstream by a second Asp and then a conserved Glu 35 residues farther downstream (Kulkosky et al. 1992 ). An alignment for the core domains of copia-like retrotransposons (defined by comparison to retroviral INs) retains the 35-residue Asp-Glu spacing ( fig. 1) , whereas the 62 residues between the Asp pair are more typical for IS3 transposases (Polard and Chandler 1995) . BARE-1a IN sequence fits the retroviral secondary and tertiary structures. Three-dimensional structures of two retroviral INs, superimposed in figure 3, have been solved by X-ray crystallography and deposited in the Brookhaven Protein Data Bank. These consist of one structure from HIV-1 (Dyda et al. 1994 ) and six structures (Bujacz et al. 1995 (Bujacz et al. , 1996 from ASV which differ according to crystallization conditions and according to the presence or absence of bound metal cations. Structures within the latter set are very similar to one another and superpose (pairwise) over their C␣ atoms with a root-mean-squared deviation (RMSD) ranging between 0.15 and 0.48 Å , values typical of duplicate independent structure determinations for identical proteins.
The sequences of the HIV-1 and ASV INs are 23.7% identical (pairwise structural alignment), and the BARE-1a sequence shares 12% and 14% sequence identity respectively, with these, with only three gaps (insertions or deletions) relative to the HIV/ASV alignment. The PredictProtein models for the secondary structures of ASV and HIV INs corresponded to those derived from their crystal structures quite well ( fig. 2) , so the method was applied to the BARE-1 IN. The predicted secondary structure for BARE-1 IN (fig. 2 ) matched the predicted and crystal structures of HIV and ASV INs quite well from position 510 to the C-terminus, although the lengths of the ␣-helical and ␤-strand domains varied. Conformance of the secondary-structure prediction for BARE-1 IN, made without reference to the known integrase structures, supported the independent modeling of the BARE-1 IN tertiary structure.
The HIV IN crystal structure (Brookhaven code: 1itg) and the Mg 2ϩ -bound ASV IN structure (1vsd) superpose over 104 structurally equivalent C␣ atoms with an RMSD of 1.42 Å . This alignment is absolutely maintained in the joint alignment with the BARE-1a IN sequence ( fig. 2 ), despite the low sequence similarity with BARE-1 IN. The HIV IN structure is missing coordinates for 13 amino acids (underlined lowercase characters in fig. 2 ) corresponding to the more conserved region between residues 584 and 596 inclusive. In the HIV IN structure, the positions at the C-terminal junction of this crystallographically undefined region are ␣-helical; this region was not disordered within the ASV IN structures and is indeed ␣-helical over its entire length. The C-terminal region containing the sixth ␣-helix in the HIV-1 structure is not present in the ASV IN structure (Bujacz et al. 1995) ; the sequence is not shown in the alignment in figure 2, and this region was modeled on the basis of the HIV-1 structure alone.
Given the conservation of both key catalytic residues and the secondary structure, the three-dimensional model of BARE-1a IN displayed in figure 4A was made. The model was constructed on the basis of the structure from HIV (1itg) and one of the ASV structures (1vsd), the latter including bound Mg 2ϩ . Whereas the predictions for secondary structure made by PredictProtein were not directly incorporated into the model, they served to confirm the alignment used. The central regions of the core domain, including the 13 residues undefined within the HIV IN structure, have good similarity, and this allows unambiguous matching there. The C␣-atom backbone of the model superposes with an RMSDs of 1.3 Å (103 equivalent positions) and 1.4 Å (112 equivalent positions) with the HIV and ASV IN structures, respectively. Within this region lie the conserved Asp559 and Glu595, which correspond to the essential residues (crystallographic numbering) Asp121 and Glu157 in the ASV IN structure and to Asp116 in the HIV-1 structure; the glutamate in HIV-1 corresponding to Glu595 in BARE-1a is within the missing 13-residue segment of the HIV-1 structure.
At the amino terminus, the second absolutely conserved aspartic acid residue in the retrotransposons, Asp499, is matched with conserved Asp residues in both the HIV and ASV IN sequences (Asp64 in both ASV and HIV-1). These two Asp residues play a critical role in the retroviral INs, coordinating a bound metal cation; this role should also be found in the retrotransposons, given their conservation. Gln153 in ASV, thought to have an important role in stabilizing the active site by hydrogen bonding via water molecules (Bujacz et al. 1996) , is also conserved in the retroviruses and is conservatively replaced by asparagine in the retrotransposons (fig; 1, Asn591 in BARE-1a) .
Based on the ASV IN structure with bound Mg 2ϩ (Bujacz et al. 1996) , and the highly conserved structural features of this region in both the HIV IN structure (Dyda et al. 1994 ) and the BARE-1a model, we have included the bound Mg 2ϩ within the model as well ( fig.  4A and C) . A ribbon model of the BARE-1a core domain, seen in figure 5, makes its conserved structure obvious. The five-stranded ␤ sheet and at least two of the six helices are common to all other polynucleotidyl transferase enzymes examined, including the INs, Mu transposase, RuvC, and RNase H (Dyda et al. 1994; Bujacz et al. 1995; Rice and Mizuuchi 1995) .
The gaps in the BARE-1a model ( fig. 2 ) occur where gaps were seen in the HIV/ASV alignments. They all occur at solvent-exposed loop positions. As a result, each of the elements of regular secondary structure present in the two known 3D structures is also found in the BARE-1 model. The most uncertain part of the alignment of BARE-1 to the known structures extends from the final gap seen in the alignment in figure 2. There, the sequence similarity is low, and thus the alignment may be wrong in this region. The PredictProtein program does predict that the region after the last indel is helical followed by coil, which matches well the X-ray structures and predictions for the HIV and ASV (the structure ends after the helix) INs. The final helix in the HIV structure was not predicted for the BARE-1 sequence. Nonetheless, we modeled the region according to the structural information from the HIV IN.
Cloning of IN Domains
The conserved motifs of the primary structure and the congruence of the secondary and tertiary structures of BARE-1a IN compared with retroviral INs served as a guide for comparing the IN core domains within the Hordeum genus. Filter hybridizations with probes, made to various domains of BARE-1a (accession Z17327), indicated that all Hordeum species examined contain closely related retrotransposons (unpublished data). Based on IN alignments, PCR primers were designed for two conserved boxes spanning the C-terminal half of the predicted core domain ( fig. 1 ). The amplified section was chosen to include a conserved region to aid in alignment followed by an unconserved region for phylogenetic informativeness. Bands of expected size (ഠ330 bp) were the only products detected in the amplification reactions for all accessions examined, and from these isolated bands, ഠ3 genomic clones were generated from each accession, as was a single cDNA from one accession (EMBL data library accessions Z80000-Z80079).
Alignment and Comparison of IN from Hordeum
Alignments were constructed between the predicted IN region of the BARE-1a conceptual translation and codons of the cloned, sequenced PCR products, with adjustment of the reading frame if necessary. The resulting multiple alignment on the protein level, shown in figure 6, reveals a very high degree of conservation. The Glu of the D,D(35)E motif is conserved in all but two cases, in which it is replaced by Lys, as in the conceptual translation of Wis-2-1a from wheat (Triticum aestivum). Of the 6,480 codons over 81 sequences we determined (Wis-2-1a is excluded), 0.28% (18) were uncertain due to a gap or frameshift in the third codon position, 0.3% were uncertain due to an unresolved nucleotide, and 0.26% (17) were stop codons. Forty-three (58%) of the sequences had neither uncertainties nor stop codons, while 14 (17%) of the sequences had at least one stop codon.
At 8 of the 87 positions, residues predicted for BARE-1a varied from virtually all other sequences ( fig.  6 ). These were (numbered according to the BARE-1a conceptual polyprotein Z17327): Glu603→Asp; Tyr610→Ser; Ile611→Leu; Leu622→Ala; Lys624→Glu; Asn649→Lys; Tyr661→Cys; and Tyr672→Lys. The Glu603→Asp replacement represents a conservative replacement on a solvent-exposed surface; the Tyr610→Ser (size change), Lys624→Glu (positive to negative charge), Met640→Thr, and Asn649→Lys (neutral to positive charge) replacements are localized in exposed loop regions or other surface positions in the model where solvent interaction is likely and these changes can thus be accommodated. Although Leu622→Ala is in an internal position, the size change caused by this replacement can probably be accommodated by local rearrangements, since the surrounding residues are well conserved. Moreover, at two variable positions lying within the C-terminal half of the proposed model (see fig. 2 ), the alternative residues are chemically similar (Arg596→His; Arg597→His). Near the N-terminus of the model, Thr612 is on the internal face of a solvent-exposed loop but is replaced in many of the sequences by Ala. Again, it is expected that few perturbations would occur, since the surrounding, mainly nonpolar, residues are all well conserved. Tyr661 and Tyr672 lie outside the modeled region which ends at Lys652. In summary, therefore, variation seen across the Hordeum IN sequences would have minimal structural and functional effects on the encoded enzymes. All of the changes occur over three adjacent helices which form one face of the molecule.
Discussion
We examined the core catalytic domain of the IN of Hordeum retrotransposons. First, the secondary and tertiary structures of the IN from a transcriptionally active barley retrotransposon, BARE-1, were modeled and compared with the crystal structures of retroviral INs. Clones for an overlapping region from 27 other Hordeum accessions (BARE-1a is from barley cv. Bomi) across the genus were then aligned, and the predicted protein sequences were evaluated in light of the modeled tertiary structure.
Several features suggest that many of the genomic elements harboring the cloned segments either are or recently have been functional. Translationally silent substitutions are favored. The key catalytic Glu is invariant in the predicted proteins in all but two cases, even in sequences carrying frameshifts or stop codons. Virtually all of the variable positions either display conservative replacements or are found on solvent-exposed surfaces where substitutions would be tolerated. Furthermore, BARE-1-like elements are prevalent and transcribed in barley and related cereals (Suoniemi, Narvanto, and Schulman 1996; Pearce et al. 1997) , and BARE-1 IN is expressed and associated with virus-like particles (unpublished data). Taken together with the observed pattern of changes, this suggests that the encoded proteins have been under functional constraint and that the base substitutions occurred during retrotransposon propagation.
Additional support for the current or recent functionality of Hordeum IN comes from the secondary and tertiary structural models of the BARE-1a predicted core domain. Although the sequences of the HIV and ASV INs are only about 24% identical over the region used to model the BARE-1a IN, the structures are extremely well conserved. When the structures are optimally matched over their C␣-atom backbones, 104 of 126 (83%) of the aligned HIV and ASV pairs are structurally equivalent-each pair of C␣ atoms from the two structures lies within 1.7 Å of another, with an overall RMSD Codons ambiguous due to a frameshift or gap generated in optimizing the nucleotide alignment to the BARE-1a reference protein are indicated as ''ϫ'', those due to unresolved nucleotides as ''?'', and stop codons as ''*''. Gaps are denoted by dashes. Sequences are grouped by species, with the clones from each species denoted a, b, and c. Plant accessions are detailed elsewhere (Kankaanpää, Mannonen, and Schulman 1996) . The active-site Glu is marked by a bold E above the alignment, which is numbered according to the BARE-1a conceptual translation. Vertical shaded bars denote highly conserved residues in copia-like retrotransposons (see fig. 1 ). of 1.4 Å . Furthermore, there are only three regions in which insertion/deletions have occurred.
These structural similarities also appear to be shared by retrotransposon INs, including the IN from barley modeled here. The BARE-1a IN model has only three insertions or deletions relative to the HIV/ASV IN alignment, and one of these gaps is held in common with the HIV IN structure. It is likely that the errors in the model structure are on the order of an angstrom over positions along the C␣ backbone. The central core re-gion, where most of the conserved residues are located in all three sequences (and, thus, in the two crystallographic structures), is also likely to be highly conserved structurally within all of the retrotransposons and retroviruses alike. This is also true for the cation-binding site in which the amino acid ligands to the metal are strictly preserved in both retroviral and retrotransposon alignments, are conserved spatially within the known retroviral structures, and have identical placement within the model constructed here for the BARE-1a integrase core domain.
Given these observations derived from sequence comparisons, structural analysis, and modeling, the BARE-1a model should provide a good representation of the structure for INs derived from Hordeum and from the retrotransposons as a whole. That the secondary structures between avian and mammalian retroviral INs and a barley IN should be congruent with the primary structure alignment and that the modeled BARE-1a tertiary structure should fit well onto the crystal structure of the retroviral enzymes implies purifying selection for enzymatic activity during sequence divergence. This is particularly significant in view of the long time since the last common ancestor of the hosts for animal retroviruses and plant retrotransposons and considering rates of substitution 10 6 -fold higher for retroviral sequences than for plant nuclear genes (Gojobori and Yokoyama 1985; Gaut and Clegg 1991; Zhou and Kleinhofs 1996) .
